All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Many valuable marine ecosystems are in decline due to the combined effects of multiple local anthropogenic and global climatic stressors \[[@pone.0120837.ref001], [@pone.0120837.ref002]\]. The interactions between these stressors can cause declines in foundation species and loss of critical habitats \[[@pone.0120837.ref003], [@pone.0120837.ref004], [@pone.0120837.ref005]\]. Ensuring the resilience of these habitats requires developing management strategies to mitigate the effects of multiple stressors and increase the resilience (i.e. the capacity to recover from a disturbance) of foundation species \[[@pone.0120837.ref006], [@pone.0120837.ref007], [@pone.0120837.ref008]\]. Global stressors, such as rising sea surface temperature, ocean acidification and increasing storminess, operate at large spatial scales, are driven by complex processes, and developing management strategies for these stressors requires the collaboration of multiple countries \[[@pone.0120837.ref006]\]. Therefore, management actions aimed at mitigating multiple stressors tend to focus on reducing local stressors such as, improving water quality and limiting erosion or beach nourishments \[[@pone.0120837.ref006], [@pone.0120837.ref009]\].

The interactions between local and global stressors can complicate the development of management strategies \[[@pone.0120837.ref006]\]. Stressors can have additive impacts (the response is equal to the sum of individual stressors) and non-additive synergistic and antagonistic effects (the response is greater or less than the sum of individual stressors, respectively) on the growth and/or survival of foundation species \[[@pone.0120837.ref004], [@pone.0120837.ref010]\]. Although knowledge of the interactions between local and global stressors is increasing \[[@pone.0120837.ref003], [@pone.0120837.ref004], [@pone.0120837.ref005], [@pone.0120837.ref011]\], relatively little attention has been given to understanding the role of managing local stressors in disrupting these interactions \[[@pone.0120837.ref006], [@pone.0120837.ref012]\]. Current thinking suggests that when the interactions are additive or synergistic, reducing the local stressor(s) could be of benefit \[[@pone.0120837.ref004]\]. Implicit in these ideas is that effective management of one or more local stressors is crucial for improving the resilience of foundation species to global stressors \[[@pone.0120837.ref005]\]. However, modelling studies have questioned this assumption \[[@pone.0120837.ref008]\], raising the need for experimental tests of this hypothesis \[[@pone.0120837.ref012]\].

Canopy algae are foundation species that control structural complexity, productivity, nutrient cycling and biodiversity in temperate rocky reefs \[[@pone.0120837.ref013], [@pone.0120837.ref014]\]. Globally, loss of canopy forests has been reported in several regions, particularly in urban areas \[[@pone.0120837.ref001], [@pone.0120837.ref015], [@pone.0120837.ref016], [@pone.0120837.ref017]\]. These lost canopies are often replaced by species of lesser structural and ecological value including turf-forming, ephemeral or encrusting algae \[[@pone.0120837.ref013], [@pone.0120837.ref018], [@pone.0120837.ref019]\]. Such habitat shifts have been attributed to the complex interactions between local and global stressors \[[@pone.0120837.ref005], [@pone.0120837.ref011]\]. Recent meta-analyses for canopy algae, have shown that the majority of the interactions between these stressors were either additive or synergistic \[[@pone.0120837.ref005], [@pone.0120837.ref011]\]. This has motivated further research aimed at identifying effective local management options to prevent these habitat shifts \[[@pone.0120837.ref007], [@pone.0120837.ref020]\].

Our objective was to assess whether management actions aimed at reducing local anthropogenic stressor(s) could increase the resilience of foundation species to global climatic stressors, using canopy algae as a model system. We focused on *Cystoseira barbata* C. Agardh (Fucales: Sargassaceae) from the highly urbanised north-western Adriatic coastline in the Mediterranean Sea. Populations of fucoid algae are declining in this region \[[@pone.0120837.ref021]\] and elsewhere in the Mediterranean Sea \[[@pone.0120837.ref015], [@pone.0120837.ref022], [@pone.0120837.ref023], [@pone.0120837.ref024]\] due to a combination of multiple stressors. We focused on two local stressors of particular concern in the region sedimentation from beach erosion, dredging and nourishments \[[@pone.0120837.ref025]\]; and nutrient enrichment from sewage and agricultural runoff \[[@pone.0120837.ref026], [@pone.0120837.ref027], [@pone.0120837.ref028]\]. In this area there are relatively few grazers or other biological stressors \[[@pone.0120837.ref021]\]. Worldwide, these two stressors have been identified as key drivers in the loss of canopy algae, particularly in enclosed seas or catchments, such as the Baltic Sea \[[@pone.0120837.ref029], [@pone.0120837.ref030]\], North Sea \[[@pone.0120837.ref031]\], several bays around Australia \[[@pone.0120837.ref032], [@pone.0120837.ref033]\] and the Mediterranean Sea \[[@pone.0120837.ref034], [@pone.0120837.ref035]\]. Previous studies have suggested there is an additive interaction between high sediment load and wave exposure \[[@pone.0120837.ref036], [@pone.0120837.ref037]\] and a synergistic interaction between declining water quality (high sediment load and nutrient concentrations) and rising sea surface temperature \[[@pone.0120837.ref033]\]. However, experiments testing the effects of reducing these stressors are lacking. We used manipulative experiments to test whether reducing the sediment load would lead to increased growth and survival of the early life stages of *C*. *barbata* at high wave exposure, and if reducing both the sediment load and nutrient concentrations would enhance its growth and survival with rising sea surface temperature.

Materials and Methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

Permission to work at La Vela, Monte Conero was granted by the Numana Guardia Costiera. This study did not involve any endangered or protected species. Unlike many other species in the genus, *Cystoseira barbata* is not classified as a protected species \[[@pone.0120837.ref038]\].

Study site {#sec004}
----------

We conducted 3 manipulative experiments using recruits and juveniles of *C*. *barbata* from La Vela located on the Monte Conero promontory (43°33N, 13°37E), in the north-western Adriatic Sea ([Table 1](#pone.0120837.t001){ref-type="table"}). This site hosts the only significant *C*. *barbata* population in the Monte Conero promontory and is one of the few in the north-western Adriatic Sea \[[@pone.0120837.ref021]\]. *C*. *barbata* at La Vela has a strongly seasonal recruitment (late April to late May) and growth season (early June to early October) and can be found at depths ranging between 2 and 5 m \[[@pone.0120837.ref021]\].
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###### Overview of the experimental treatments and levels.

![](pone.0120837.t001){#pone.0120837.t001g}

  Treatment levels          Ambient                                        Reduced                                         Ambient                          High
  ------------------------- ---------------------------------------------- ----------------------------------------------- -------------------------------- -------------------------------
  **Experiment 1**                                                                                                                                          
  Sediment load             3000 g m^−2^                                   Weekly clearings (20 ± 5% reduction)                                             
  Wave exposure                                                                                                            0.027--0.183 m relative height   0.04--0.261 m relative height
  **Experiment 2**                                                                                                                                          
  Sediment load             3000 g m^−2^                                   750 g m^−2^                                                                      
  Wave exposure                                                                                                            0 m relative height              0.16--0.33 m relative height
  **Experiment 3**                                                                                                                                          
  Nutrient concentrations   DIN = 15 μmol l^−1^, PO~4~ = 0.15 μmol l^−1^   DIN \< 5 μmol l^−1^, PO~4~ \< 0.05 μmol l^−1^                                    
  Sediment load             3000 g m^−2^                                   750 g m^−2^                                                                      
  Temperature                                                                                                              24°C                             27°C

The rocky reefs at La Vela are comprised of large limestone boulders. For Experiment 1, we attached marble tiles onto some of these boulders to collect recruits while in Experiment 2 and 3 juveniles were collected directly from open boulders (see below for details) which were located nearby to the canopy forest. The early life stages of *C*. *barbata* have a low survival probability at La Vela \[[@pone.0120837.ref021]\], therefore our collections were unlikely to lead to major declines in the abundance of the source population.

Measurements of sediment and nutrients {#sec005}
--------------------------------------

Between late April and early October 2012, we monitored sediment deposition and accumulation, and the concentration of nutrients in seawater in the canopy forests at La Vela ([S1 Fig.](#pone.0120837.s001){ref-type="supplementary-material"}). All samples were collected between 2.5 and 3 m depth. To measure sediment deposition at the site we attached sediment traps 51 mm diameter, 200 mm high, aspect ratio 3.9 (n = 2) to flat rocks using epoxy putty (Subcoat S, Veneziani). Traps were deployed for periods of 18--53 days, depending on weather conditions. Traps were closed with plastic stoppers before retrieval. The accumulated sediment was collected in 0.1 × 0.1 m quadrats, in a standard 10 minute period in April and September using a suction sampler (n = 8). The sediment collected in each trap and quadrat was filtered through a 63 μm mesh sieve, rinsed with distilled water to remove salts and dried at 80°C for 7 days. The sediments were sorted into fine (63--250 μm) and coarse (250--1000 μm) size classes before weighing. Concentrations of nutrients (NO~3~, NO~2~, NH~4~, PO~4~) were measured in samples of seawater collected in polyethylene bottles (50 ml), monthly (n = 2). These samples were immediately filtered through Whatman GF/C filters and returned to the laboratory. All samples were processed using a Hach DR 2010 Spectrophotometer within 12 hours of collection. The sediment used in Experiments 2 and 3 was collected in April 2012 using a suction sampler and processed using the same technique as described above. The amount of sediment and nutrients applied to the ambient treatments in Experiments 2 and 3 were based on studies conducted in the Monte Conero region between 2008 and 2011 \[[@pone.0120837.ref028], [@pone.0120837.ref034]\], ([S1 Table](#pone.0120837.s005){ref-type="supplementary-material"}, [S2 Fig.](#pone.0120837.s002){ref-type="supplementary-material"}). We compared our measurements of the accumulated sediment and nutrient concentrations at La Vela in 2012 to the ambient treatments applied in Experiments 2 and 3 using t-tests. We also compared the measurements at La Vela taken in 2012 to other data collected in the Monte Conero region between 2008 and 2011 \[[@pone.0120837.ref028], [@pone.0120837.ref034]\], ([S1 Table](#pone.0120837.s005){ref-type="supplementary-material"}, [S2 Fig.](#pone.0120837.s002){ref-type="supplementary-material"}).

Experiment 1: Effects of reducing the sediment load at different levels of wave exposure on recruits *in situ* {#sec006}
--------------------------------------------------------------------------------------------------------------

We ran a 3 month field experiment to test the benefits of reducing the sediment load at different levels of wave exposure on *C*. *barbata* recruits. In late April 2013, we attached 16 marble tiles (100 × 100 × 10 mm), \~500 mm apart, in 2.5--3 m depth, 8 tiles in front of (high wave exposure treatment) and 8 tiles behind (low wave exposure treatment) large boulders using epoxy putty (Subcoat S, Veneziani). Each of the 8 tiles (in the high and low wave exposure positions) was randomly assigned to either ambient or reduced sediment treatments (resulting in n = 4 replicate tiles for each wave exposure × sediment treatment).

Differences in wave exposure between the high and low wave exposure treatments were quantified by attaching gypsum balls (n = 3) onto rocks at both positions for 24 hours, in May and June. All gypsum balls were dried for 48 hours at 80°C and weighed, before and after their deployment. There was 71% higher mass loss in the high wave exposure treatment (mean = 2.318 g, SE = ± 0.27) relative to the low wave exposure treatment (mean = 0.921 g, SE = ± 0.07). The relative wave height (significant wave height/depth) in the low wave exposure treatment was 0.027--0.183 m and in the high wave exposure treatment was 0.04--0.261 m (see [Experiment 2](#sec007){ref-type="sec"} methods for details). Stormy weather during the experiment produced particularly high wave exposure at La Vela ([S3 Fig.](#pone.0120837.s003){ref-type="supplementary-material"}) making conditions at the site a good proxy for future projected increases \[[@pone.0120837.ref021]\].

The sediment load was reduced by gently waving water across the tile for 5 seconds to resuspend the deposited material and ensuring that no visible sediment remained \[[@pone.0120837.ref039], [@pone.0120837.ref040]\]. This treatment was applied every 7--10 days, and lead to an overall reduction of sediment by 20% (± 5%) throughout the experimental period, at both the sheltered and exposed positions. These manipulations were designed to reduce the sediment to levels measured within dense healthy stands of *C*. *barbata* in eastern Adriatic Sea and elsewhere in the Mediterranean Sea ([S1 Table](#pone.0120837.s005){ref-type="supplementary-material"}).

At the conclusion of the experiment, mid July 2013, we counted the number of recruits and measured their maximum height on each tile (to the nearest mm) using a micrometre (10× magnification). The effects of the sediment load (2 fixed levels = ambient and reduced) and wave exposure (2 fixed levels = low and high) on the number and length of the recruits on each tile (n = 4) were analysed with 2-way ANOVAs. For all analyses, data were checked for both normality (using normal probability plots) and homoscedasticity. Boxcox plots were used to determine the appropriate transformation to stabilise variances.

Experiment 2: Effects of reducing the sediment load at different levels of wave exposure on juveniles in tanks {#sec007}
--------------------------------------------------------------------------------------------------------------

The *C*. *barbata* juveniles used in Experiments 2 and 3 were collected from random positions at La Vela in June and July, respectively, after the recruitment period. Boulders at La Vela were broken into small fragments (\~200--700 mm^2^), which contained an average of 3 and a maximum of 6 individuals. This technique for collecting and transplanting juveniles has been used successfully to conduct other experiments with no detectable impacts on algal growth or survival relative to unmanipulated controls \[[@pone.0120837.ref021]\]. All juveniles were left to acclimate for 4 weeks in the tanks or mesocosms before commencing the experiments.

In late August 2012, we ran a 4 month laboratory experiment to test the effects of reducing the sediment load at different levels of wave exposure on juveniles. The experiment was conducted in 4 large tanks (120 × 100 × 74 cm; 346 litres) located in Yerseke, Netherlands. The juveniles were transported to Yerseke in polyethylene bottles (5 litres) filled with site seawater in controlled temperature conditions that were similar to the Adriatic Sea. Individual rock fragments with juveniles were attached to 32 ceramic bricks (24 × 12 × 5 cm) using Silicone glue (Den Braven) and placed randomly \~400 mm apart in the tanks. There were 8 bricks in each tank. The sediment treatments were applied directly to the bricks and the wave treatments to the tanks however, the effects of the waves varied throughout the tank. Because of the experiment constraints there was only 1 tank per treatment. However, at 1.5 and 3 months each group of 8 bricks was moved to another tank and position within the tank (allocated randomly) and the relevant sediment and wave treatments were re-applied to each brick. Although it was not possible to quantify and explicitly test the potential effect of the tank using this method, any variability related to this factor is correctly spread through the different treatments. As the treatments were applied to the bricks, we considered each brick as independent replicate for the experiment (resulting in n = 8 replicate bricks for each sediment × wave treatment).

The tanks were filled with filtered seawater from the Eastern Scheldt estuary, which was changed weekly. Light was supplied by 5× GreenPower LED lights and the average surface irradiance was 50 μmol m^−2^ s^−1^ (SE = ± 7.5), and the photoperiod was set at 12:12 hours light: dark, which was similar to conditions at La Vela in 2012 during the *C*. *barbata* growth season (derived from n = 8 measurements per month). The tanks were kept in a controlled temperature room at 24°C to mimic field conditions and continuously aerated using compressed air.

We applied 2 wave treatments: low (no water motion) and high (0.16--0.33 m relative wave height measured using a Druck PTX 105 1830 pressure sensor), which correspond to future predictions of wave exposure at La Vela \[[@pone.0120837.ref021]\] ([S3 Fig.](#pone.0120837.s003){ref-type="supplementary-material"}). We downloaded wave data collected at a buoy located \~130 km north of La Vela (44.2155°N, 12.4766°E), during 2008--2012 ([S3 Fig.](#pone.0120837.s003){ref-type="supplementary-material"}). We also deployed a wave gauge OSSI-010--003C (Ocean Sensor Systems) at La Vela at a depth of 4 m, for 10 days in September 2012. We compared the data from the wave gauge and buoy during the same period. There was a significant agreement in the wave heights (Willmott = 0.9191), thus wave data from the buoy was used as approximation of wave exposure at La Vela ([S3 Fig.](#pone.0120837.s003){ref-type="supplementary-material"}). The waves in the tanks were generated using 2 hydraulic wave 93 generators which operated 24 h daily \[[@pone.0120837.ref041]\].

The sediment treatments were ambient (3000 g m^−2^) and reduced (750 g m^−2^). Ambient levels matched the field treatments in Experiment 1 and were derived directly from measurements taken at La Vela \[[@pone.0120837.ref034]\], while reduced levels were average levels measured in healthy *C*. *barbata* forests in eastern Adriatic Sea and elsewhere in the Mediterranean ([S1 Table](#pone.0120837.s005){ref-type="supplementary-material"}). Both treatment levels (ambient and reduced) were within those measured at the site ([S1 Fig.](#pone.0120837.s001){ref-type="supplementary-material"}). The sediment (3/4 fine and 1/4 coarse) was applied as a fine rain \[[@pone.0120837.ref042]\].

At the beginning of the experiment and after 4 months we counted the number of juveniles (3--6 individuals) on each brick and measured their maximum height (from base to tip) using callipers. At the conclusion of the experiment, December 2012, we calculated the percentage survival and average relative change in height of the juveniles on each brick. All stipes were shaved off the rock fragments on the bricks, their filamentous epiphytic algae removed, oven dried at 80°C for 7 days and then weighed to the nearest 0.001 g. We also measured the average photosynthetic stress as the relative electron transport yield (F~v~F~m~ ratio) of the juveniles on the bricks using a Water-PAM (pulse amplitude modulated florometer) (Walz, Germany). All stipes were dark adapted for 15 minutes, placed in a darkened Petri dish and then measurements were taken in the middle of the stipe, using a FIBER optic probe.

The effects of the sediment load (2 levels = ambient and reduced) and wave exposure (2 levels = low and high) on the survival, and average growth, dry weight, and photosynthetic stress of the juveniles and the dry weight of the filamentous epiphytic algae for each brick (n = 8) were tested using 2-way ANOVAs.

Experiment 3: Effects of reducing nutrient concentrations and the sediment load at different levels of temperature on juveniles in mesocosms {#sec008}
--------------------------------------------------------------------------------------------------------------------------------------------

In late June 2012, we undertook a 4 month laboratory experiment to test the effects of reducing nutrient concentrations and the sediment load at different levels of temperature on *C*. *barbata* juveniles. For this experiment we could not run the equivalent test in the field at the recruitment stage (as we did for Experiment 1) because of the difficulties in reducing nutrient concentrations and increasing temperature *in situ*. The experiment was undertaken in 32 mesocosms located in Ravenna Italy. Individual rock fragments with 3--6 juveniles (see above section for details) were placed directly into each mesocosm. All nutrient, sediment and temperature treatments were randomly applied to the mesocosms (resulting in n = 4 replicate mesocosms for each nutrient × sediment × temperature treatment).

Each mesocosm (24.5 × 18 × 13.5 cm) contained 2.2 litres and had a continuous flow-through of sterilized seawater collected from the Marche Region at 250 litres per day from 4 reserve tanks. The light was supplied by 4 Paulman florescent lamps of 36 watts, and the surface irradiance and the photoperiod were set to the same conditions as in Experiment 2. The seawater in the reserve tanks was continuously aerated using FERPLAST BluePower pumps.

The temperatures were average current (24°C) ([S4 Fig.](#pone.0120837.s004){ref-type="supplementary-material"}) and projected future (27°C). The increased temperature was based on predictions from the IPCC model scenario A2 for 2100 which has been applied to the Mediterranean Sea \[[@pone.0120837.ref043]\]. All mesocosms were placed in a control temperature room which was set at 24°C. We used TetraTec HT 150 w heaters to raise the temperature to 27°C.

The nutrients treatments were ambient (DIN = 15 μmol l^−1^, PO~4~ = 0.15 μmol l^−1^ \[[@pone.0120837.ref028]\] ([S1 Fig.](#pone.0120837.s001){ref-type="supplementary-material"}) and reduced (DIN \< 6.5 μmol l^−1^, PO~4~ \< 0.05 μmol l^−1^). The reduced nutrient levels chosen for the experiment were based recommendations by the European Environmental Agency ([www.eea.europa.eu/publications/ENVIASSRP04](http://www.eea.europa.eu/publications/ENVIASSRP04)) and on the lower levels observed in the study site region ([S2 Fig.](#pone.0120837.s002){ref-type="supplementary-material"}). For the reduced nutrient treatment we collected seawater for the experiment in an area1000 m offshore with low nutrient concentrations. The ambient nutrient treatment was achieved by adding 0.25 g of slow release Plantacote 6 mol N:P:K fertilizer to raise nutrients in the seawater in the mesocosms to the same levels as those to which *C*. *barbata* was naturally subjected in the field \[[@pone.0120837.ref028]\] ([S2 Fig.](#pone.0120837.s002){ref-type="supplementary-material"}). The Plantacote pellets were supplied in mesh bags that were changed every two weeks. We monitored the nutrient concentrations in the mesocosms by randomly sampling the water in 2 mesocosms from 8 possible choices (nutrient × temperature, irrespectively of sediment), monthly.

The amount of sediment added (3000 g m^−2^ and 750 g m^−2^) and timings (0, 1.5 and 3 months), were the same as in Experiment 2 (see above for full details). We removed all of the remaining sediment before the new treatments were applied.

At the beginning of the experiment and after 4 months we measured the percentage survival, relative change in height and weight of the juveniles and weight of filamentous epiphytic algae as described above in Experiment 2 methods.

The effects of the sediment load (2 fixed levels = ambient and reduced), nutrient concentration (2 fixed levels = ambient and reduced) and temperature (2 levels = ambient and increased) on the number, average growth, and dry weight of the juveniles and the dry weight of the filamentous epiphytic algae in each mesocosms (n = 4) were tested using 3-way ANOVAs. The effects of adding fertilizer (2 levels = ambient and reduced) and manipulating the temperature (2 levels = ambient and increased) on the nutrient concentrations in mesocosm seawater (n = 2) were also tested using 2-way ANOVAs.

Comparisons between laboratory and field controls {#sec009}
-------------------------------------------------

To verify how closely our laboratory treatments matched the field conditions, we monitored the responses of juveniles at the field site (n = 4) throughout their growth season. We attached individual rock fragments with juveniles (3--6 individuals) to marble tiles on boulders at La Vela in late June (juveniles collected for Experiment 3) and July (juveniles collected for Experiment 2), at sheltered positions in 2.5--3.5 m in depth using epoxy putty. The differences in the survival, growth, and dry weight of the juveniles and dry weight of the filamentous epiphytic algae between the field controls and the ambient treatments in Experiment 2 and 3 were analysed using t-tests.

Comparison of local management options {#sec010}
--------------------------------------

We examined the effects of different management scenarios (reduced vs ambient) of local stressors (sediment and/or nutrients) on the percentage survival of *C*. *barbata* with projected increased in climate stressors (high wave exposure or increased temperature) using the log ratio effect size:

Experiment 1---juveniles of *C*. *barbata*: (log (reduced sediment at high wave exposure/ambient sediment at high wave exposure)\*100)

Experiment 2---recruits of *C*. *barbata*: (log (reduced sediment at high wave exposure/ambient sediment at high wave exposure)\*100)

Experiment 3---juveniles of *C*. *barbata*: (log (reduced sediment, reduced nutrients or reduced sediment and nutrients at increased temperature/ambient sediment, ambient nutrients or ambient sediment and nutrients at increased temperature)\*100)

Results {#sec011}
=======

In situ measurements of sediment and nutrients {#sec012}
----------------------------------------------

The level of sediment in the ambient treatments for Experiments 2 and 3 were similar to the natural levels measured at La Vela in 2012 ([S1 Fig.](#pone.0120837.s001){ref-type="supplementary-material"}). Similarly, throughout April---September 2012 there were no detectable differences between the ambient nutrient concentrations in Experiment 3 and those measured at La Vela (t = -2.149, P \> 0.05, [S1 Fig.](#pone.0120837.s001){ref-type="supplementary-material"}). The level of sediment \[[@pone.0120837.ref034]\] ([S1 Table](#pone.0120837.s005){ref-type="supplementary-material"}) and nutrient concentrations \[[@pone.0120837.ref028]\] ([S2 Fig.](#pone.0120837.s002){ref-type="supplementary-material"}) at La Vela in 2012 were also similar to those recorded in the Monte Conero region between 2008 and 2011.

Experiment 1: Effects of reducing the sediment load at different levels of wave exposure on recruits *in situ* {#sec013}
--------------------------------------------------------------------------------------------------------------

At the current ambient sediment load the density of *C*. *barbata* recruits was extremely low (≤ 12 individuals per 1000 cm^2^) ([Fig. 1](#pone.0120837.g001){ref-type="fig"}). Reducing the sediment load significantly enhanced the number of recruits ([Fig. 1](#pone.0120837.g001){ref-type="fig"}), particularly at high wave exposure (Sediment × Waves: F~1,12~ = 5.906, P = 0.0411, [Fig. 1](#pone.0120837.g001){ref-type="fig"}). In contrast, there were no detectable effects of reducing sediment (Sediment: F~1,12~ = 0.161, P \> 0.05, [Fig. 1](#pone.0120837.g001){ref-type="fig"}) or of high wave exposure (Waves: F~1,12~ = 0.161, P \> 0.05, [Fig. 1](#pone.0120837.g001){ref-type="fig"}) on the average length of the recruits.

![Effects of reducing the sediment load at different levels of wave exposure on the mean (± SE) of: a) number and the b) length of recruits on tiles (1000 cm^2^) in Experiment 1.\
Treatments are: ambient sediment, low wave exposure; reduced sediment, high wave exposure; ambient sediment, low wave exposure; and reduced sediment, high wave exposure.](pone.0120837.g001){#pone.0120837.g001}

Experiment 2: Effects of reducing the sediment load at different levels of wave exposure on juveniles in tanks {#sec014}
--------------------------------------------------------------------------------------------------------------

At high wave exposure, there were significant declines in the growth (Waves: F~1,32~ = 3.014, P = 0.048), dry weight (Waves: F~1,32~ = 3.253, P = 0.042) and photosynthetic stress (Waves: F~1,32~ = 28.275, P \< 0.001) of juveniles and in the dry weight of filamentous epiphytic algae on juveniles (Waves: F~1,32~ = 13.275, P \< 0.001) ([Fig. 2](#pone.0120837.g002){ref-type="fig"}). However, there were no detectable effects of reducing the current sediment load on any of the parameters measured for *C*. *barbata* juveniles (survival; Sediment: F~1,32~ = 0.433, P \> 0.05, growth: F~1,32~ = 0.042, P \> 0.05, dry weight; Sediment: F~1,32~ = 0.305, P \> 0.05, photosynthetic stress, Sediment: F~1,32~ = 0.436, P \> 0.05 and dry weight of epiphytic algae; Sediment: F~1,32~ = 0.46, P \> 0.05, [Fig. 2](#pone.0120837.g002){ref-type="fig"}).

![Effects of reducing the sediment load at different levels of wave exposure on the mean (± SE): a) survival (%), b) average difference in growth rate (mm), c) dry weight (g) and d) dry weight of epiphytic algae (g) and e) the photosynthetic stress (F~v~F~m~) of juveniles (3--6 individuals) on rock fragments (\~200--700 mm^2^) on bricks in Experiment 2.\
Treatments are: field control (FC); ambient sediment, low wave exposure; reduced sediment, low wave exposure; ambient sediment, high wave exposure; and reduced sediment, high wave exposure. There were no measurements of photosynthetic stress taken for the field controls.](pone.0120837.g002){#pone.0120837.g002}

Experiment 3: Effects of reducing nutrient concentrations and the sediment load at different levels of temperature on juveniles in mesocosms {#sec015}
--------------------------------------------------------------------------------------------------------------------------------------------

At increased temperature, reducing ambient nutrient concentrations resulted in increased survival (Nutrients × Temperature: F~1,32~ = 5.53, P = 0.026), growth (Nutrients × Temperature: F~1,32~ = 10.06, P = 0.004) and dry weight (Nutrients × Temperature: F~1,32~ = 4.517, P = 0.043) of *C*. *barbata* juveniles ([Fig. 3](#pone.0120837.g003){ref-type="fig"}). Reducing the sediment load and the sediment load and nutrient concentrations combined had no added benefits for juveniles ([Fig. 3](#pone.0120837.g003){ref-type="fig"}). In contrast, reducing ambient nutrient concentrations, resulted in declines in the dry weight of filamentous epiphytic algae on juveniles (Nutrients: F~1,32~ = 7.224, P \> 0.05, [Fig. 3](#pone.0120837.g003){ref-type="fig"}), irrespective of the sediment load or the temperature.

![Effects of reducing nutrient concentrations and the sediment load at different levels of temperature on the mean (± SE): a) survival (%), b) average difference in growth rate (mm), c) dry weight (g) and d) dry weight of epiphytic algae (g) of juveniles (3--6 individuals) on rock fragments (\~200--700 mm^2^) in mesocosms in Experiment 3.\
Treatments are: field control (FC);ambient nutrients, ambient sediment, ambient temperature; ambient nutrients, managed sediment, ambient temperature; reduced nutrients, ambient sediment, ambient temperature; reduced nutrients, reduced sediment, ambient temperature; ambient nutrients, ambient sediment, high temperature; ambient nutrients, reduced sediment, high temperature; reduced nutrients, ambient sediment, high temperature; and reduced nutrients, reduced sediment, high temperature.](pone.0120837.g003){#pone.0120837.g003}

Throughout the experiment, there was a significantly higher concentrations of DIN (F~2,35~ = 7.957, P = 0.001) and PO~4~ (F~2,35~ = 14.427, P \< 0.001) in the ambient nutrient treatments relative to the reduced nutrient treatments ([S1 Fig.](#pone.0120837.s001){ref-type="supplementary-material"}).

Comparisons between laboratory and field controls {#sec016}
-------------------------------------------------

At the conclusion of the laboratory experiments, the survival (Experiment 2: t = 0.277, P \> 0.05, Experiment 3: t = 1.252, P \> 0.05), growth (Experiment 2: t = 0.522, P \> 0.05, Experiment 3: t = 0.578, P \> 0.05) and dry weight (t = 0.319, P \> 0.05, Experiment 3: t = -0.304, P \> 0.05) of *C*. *barbata* juveniles in the Experiment 3 and 2 treatments simulating ambient conditions were similar to that of the field controls, deployed in late June (for Experiment 3) and July 2012 (for Experiment 2) (Figs. [2](#pone.0120837.g002){ref-type="fig"} and [3](#pone.0120837.g003){ref-type="fig"}). There was, however, a significantly higher dry weight of epiphytic filamentous algae on the juveniles in the tanks in Experiment 2 (t = 2.399, P = 0.038) but not on the juveniles in the mesocosms in Experiment 3 (t = -1.046, P \> 0.05) relative to the field controls (Figs. [2](#pone.0120837.g002){ref-type="fig"} and [3](#pone.0120837.g003){ref-type="fig"}).

Comparing local management options {#sec017}
----------------------------------

Relative to the current levels, reducing the sediment load resulted in a 90.24% increase in the density of *C*. *barbata* recruits at high wave exposure ([Fig. 4](#pone.0120837.g004){ref-type="fig"}, Experiment 1) but there very little benefits for the juveniles ([Fig. 4](#pone.0120837.g004){ref-type="fig"}, Experiment 2). Reducing ambient nutrient concentrations enhanced the survival of juveniles by 20.14% with projected increases in temperature ([Fig. 4](#pone.0120837.g004){ref-type="fig"}, Experiment 3) but there were no added benefits of reducing nutrient concentrations and the sediment load in combination ([Fig. 4](#pone.0120837.g004){ref-type="fig"}, Experiment 3) and no detectable improvements when reducing the sediment load alone ([Fig. 4](#pone.0120837.g004){ref-type="fig"}, Experiment 3).

![Effects of different management scenarios relative to current ambient conditions on the survival of early life stages of *C*. *barbata* with projected increases in climatic stressors.\
Scenarios are: Experiment 1: Effects of reducing the sediment load at high wave exposure on recruits, Experiment 2: Effects of reducing the sediment load at high wave exposure on juveniles, Experiment 3: Effects of reducing the sediment load, reducing nutrient concentrations and reducing the sediment load and nutrient concentrations at increased temperature on juveniles. Bars are the mean log ratio (± SE) percentage increase for each experiment.](pone.0120837.g004){#pone.0120837.g004}

Discussion {#sec018}
==========

An increasing number of studies have demonstrated that the interactions between local anthropogenic and global climatic stressors can lead to dramatic loss of key habitats \[[@pone.0120837.ref003], [@pone.0120837.ref004], [@pone.0120837.ref005], [@pone.0120837.ref011], [@pone.0120837.ref023], [@pone.0120837.ref024]\]. However, to date there has very little experimental research on whether reducing levels of local anthropogenic stressors can be used to mitigate or prevent their decline \[[@pone.0120837.ref007], [@pone.0120837.ref012], [@pone.0120837.ref020]\]. Using *C*. *barbata* as a model keystone species we demonstrated that the reduction of local anthropogenic stressors could enhance the resilience of these canopy algae to global climatic threats. Reducing the sediment load increased the density of *C*. *barbata* recruits, particularly at high wave exposure, and decreasing nutrient concentrations resulted in greater survival and growth of *C*. *barbata* juveniles at increased temperature.

High sediment load is well known for its detrimental effects on the settlement and recruitment stages of canopy algae \[[@pone.0120837.ref025]\]. Even a relatively thin layer of sediment can inhibit the establishment and survival of many canopy species \[[@pone.0120837.ref030], [@pone.0120837.ref034], [@pone.0120837.ref037], [@pone.0120837.ref044]\]. Sedimentation has been suggested to be one of the main factors triggering the shifts from canopy to turf-forming algae \[[@pone.0120837.ref033]\]. The effects of sediment can be amplified or altered by interacting with other stressors \[[@pone.0120837.ref025]\]. Reducing the ambient sediment load was very effective at enhancing the density of *C*. *barbata* recruits, particularly at high wave exposure by reducing the effects of abrasion and scour \[[@pone.0120837.ref036], [@pone.0120837.ref037]\]. Conversely, reducing the sediment load had little benefits for the later life stages of *C*. *barbata* (i.e. juveniles), which are likely to be more tolerant to the effects of this stressor \[[@pone.0120837.ref030], [@pone.0120837.ref034]\]. These findings suggest that effective management requires not only knowledge of the relevant multiple stressors acting in a system and their possible interactions, but also of their impacts on the various life stages of the key species.

For *C*. *barbata* juveniles, reducing nutrient concentrations appeared to be the most effective factor enhancing their resilience to high temperature. Although some studies have reported the interactions between high nutrients concentrations and increased temperature can have negative effects on the growth and survival of canopy algae \[[@pone.0120837.ref045], [@pone.0120837.ref046], [@pone.0120837.ref047]\] the underlying mechanisms remain unclear. We hypothesise these results might be explained by the effects of these stressors on the microbial community \[[@pone.0120837.ref048]\]. Bacterial growth is enhanced in eutrophic marine systems \[[@pone.0120837.ref049]\] which could have negative feedbacks on the host species of canopy algae. Such effects could be elevated at high temperature, which can reduce the levels of chemical defences on the host thalli leading to colonization or proliferation by opportunistic pathogens \[[@pone.0120837.ref050], [@pone.0120837.ref051]\].

Overall our results suggest the reducing the sediment load is the most important factor in increasing the resilience of *C*. *barbata* populations to project future global climatic stressors by significantly enhancing the density of recruits, while the reduction of nutrient concentrations would also provide some further benefits for juveniles. The implications are that the reduction of local stressors could be equally as effective at disrupting the negative effects of additive interactions (e.g. high sediment × high wave exposure) as non-additive interactions (e.g. high nutrients × increased temperature) for canopy-forming algae. Thus, developing effective management strategies for canopy-forming algae requires detailed knowledge of the effects of adding and reducing local stressors on the interactions between local and global stressors \[[@pone.0120837.ref005], [@pone.0120837.ref006], [@pone.0120837.ref007]\].

Tank-based experiments provide important insights into the effects of stressors that are difficult to manipulate in the field (e.g., increased temperature and wave exposure and reduced nutrient concentrations and sediment load) \[[@pone.0120837.ref007]\]. However, it is important to check how well our laboratory-based experiments mimic the site conditions of interest. The sediment load, nutrient concentrations and the growth and survival of algae in our laboratory experiments (Experiments 2 and 3) were statistically similar to those measured at the study site. The filamentous epiphytic algae on the juveniles in the tanks in Experiment 2 were higher than in the field, which could be linked to prolonged exposure to low flow conditions, but did not appear to affect the growth or density of the juveniles. This implies that the conditions in the laboratory and the responses of the algae were likely to be representative of those found in the north western Adriatic Sea. Our future scenarios were also within the range of current conditions experienced by *C*. *barbata* at the field site, throughout their recruitment and growth season. Thus, implementing management options for the current sediment load and nutrients concentrations are likely to be important for enhancing and protecting current populations of *C*. *barbata* and will be vital for ensuring the resilience of these foundation species, even under the most optimistic of future global climate change scenarios.

We highlight the importance of understanding the nature and effects of stressor interactions on key habitat forming species. To date, management strategies have typically advocated the reduction of all stressors (whether local or global-scale) to ensure the resilience of desirable ecosystems configurations \[[@pone.0120837.ref008], [@pone.0120837.ref052]\]. However, with current delays and limitations on the mitigation of global stressors, it is fundamental to identify alternative approaches that can work at local scales \[[@pone.0120837.ref006]\]. We clearly show that reducing common local anthropogenic stressors can enhance the resilience of key habitat forming species to global stressors. Determining what is the most important local stressor for remediation depends on identifying the specific global threat(s) in the system (i.e. increasing wave exposure, temperature or both). Indeed, our results show that, for some systems management actions for individual local stressors may be more important than trying to reduce all of the local stressors or remediate the global stressors.

Improving water quality (reducing the sediment load and nutrient concentrations) could be an effective local intervention to prevent habitat shifts from canopy to mat-forming algae, in enclosed seas, bays and estuaries \[[@pone.0120837.ref005], [@pone.0120837.ref007], [@pone.0120837.ref033]\]. The European Commission has developed several recommendations for monitoring and controlling nutrient concentrations in coastal waters through improved agriculture techniques and shifts to organic fertilizers or farming techniques, however currently there are no guidelines for *in situ* testing or management of sediment inputs (<http://ec.europa.eu>). The potential initiatives for reducing sediment inputs include limiting or reducing beach nourishments and dredging (particularly throughout the *C*. *barbata* recruitment period), bank revegetation and stabilisation and installing traps in nearby river catchment areas \[[@pone.0120837.ref025]\]. All of these policies are costly, requiring the co-ordination and collaboration of coastal managers, landowners, stakeholders, local business and other interested parties, and trade-offs in land use to achieve effective results at large-scales. Thus, identifying the maximum levels of sediment and nutrients at which populations of canopy algae can still persist remains a critical next step for prioritising management actions.

Supporting Information {#sec019}
======================

###### Temporal variability in the mean (± SE): a) concentration of DIN (μmol l-1), b) concentration of PO~4~ (μmol l-1), at La Vela and in the mesocosms in Experiment 3 and c) amount of sediment deposited (g m^−2^ d^−1^), (n = 2), and d) amount of sediment accumulated (g m^−2^) (n = 8) at Monte Conero between April and October 2012.

The sediment \[[@pone.0120837.ref034]\] ([S1 Table](#pone.0120837.s005){ref-type="supplementary-material"}) and nutrient \[[@pone.0120837.ref028]\] ([S2 Fig.](#pone.0120837.s002){ref-type="supplementary-material"}) data collected at the site were compared with other data from Monte Conero region collected between 2008 and 2011. Gaps are months in which the data was not collected. Codes are: FC = field control; aNaT = ambient nutrients, ambient temperature; rNaT = reduced nutrients, ambient temperature; aNhT = ambient nutrients, high temperature; rNhT = reduced nutrients, high temperature.

(TIF)

###### 

Click here for additional data file.

###### Monthly variability the mean (± SE) a) concentration of DIN (μmol l-1), b) concentration of PO~4~ (μmol l-1) at Monte Conero between 2008 and 2011.

Gaps are missing data. Data was obtained from ARPA Marche, courtesy of G. De Grandis.

(TIF)

###### 

Click here for additional data file.

###### Monthly variability the a) average, b) maximum and c) minimum wave height (m) measured at buoy located in 10 m depth at Cesenatico between 2007 and 2012.

Data was downloaded from ARPA Emilia Romagna via <http://dexter-smr.arpa.emr.it/>. Gaps are missing data.

(TIF)

###### 

Click here for additional data file.

###### Monthly variability the average (± SE) sea surface temperature measured at a buoy located at Ancona between 2000 and 2012.

Data was obtained from ISPRA, courtesy of Dr G. Sara. Gaps are missing data.

(TIF)

###### 

Click here for additional data file.

###### Mean and maximum (± SE) amounts of sediment accumulation and deposited in degraded *C*. *barbata* forests in Monte Conero and healthy forests in Corsica and Rovinj.

Measurements were taken in summer of 2009. Data obtained courtesy of Dr S. Perkol-Finkel.

(DOCX)

###### 

Click here for additional data file.
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